Abstract. The long-standing debate about the problem of dryland salinity in Australia has been increasingly well informed. We chart here the deepening understanding of the processes involved in how plants use water and what this means for flows in the regolith, from the introduction of the idea of the soil-plant-atmosphere continuum 50 years ago, through the comparative patterns of water use by annual and perennial vegetation and the variety of their hydrological effects in different landscapes, to the realisation, as demonstrated by many of the papers in this special issue of AJAR, that the era of unviable simplistic solutions to dryland salinity is behind us. The mood now is one of cautious optimism that we will be able to develop a wide range of options for maintaining economically viable farming systems that protect the environment by controlling outflow well enough to arrest the spread of dryland salinity.
Australia has seen a vigorous debate, over many decades, on the problem of dryland salinity and what to do about the underlying cause, excessive drainage and thence recharge in agricultural landscapes. The debate has been increasingly well informed through deepening understanding of the interacting processes involved in the use of water by plants, both agricultural and native, and the flow of water, both saline and fresh, in the regolith.
Notable advances have included: (a) the development by Philip (1957 Philip ( , 1966 of the notion of the soil-plantatmosphere continuum (SPAC) and the way that water moves through it (Slatyer and Denmead 1964) ; (b) Downes' (1959) articulation of the need for the targetted introduction of perennials into agricultural landscapes; (c) Eagleson's (1982) insights into how natural ecosystems perform in relation to water supply, and his notion of hydrological equilibrium, in which these systems evolve canopies that are sufficiently conservative for a given hydrological environment that persistence of the ecosystem is assured by avoiding problems associated with boom and bust behaviour; and (d ) the realisation, elaborated by de Wit (1958) , Tanner and Sinclair (1983) , and many others, that there is a strong nexus in crop plants between dry matter production and water transpired. This latter reached practical fruition in the analysis of farmers' wheat yields by French and Schultz (1984) , who showed that yields had a clear upper bound when plotted as a function of seasonal water supply, an observation to which we will return. Their analysis alerted agronomists and farmers to the fact that most crops were yielding well below their water-limited potential, and that by implication most crops were being limited by factors other than water supply, such as inadequate nitrogen nutrition or root diseases; the latter especially could have hydrological implications in that inadequate root systems can increase deep drainage.
The debate remains vigorous because, at least in part, many interactions among crop yield, comparative water use by crops and native vegetation, and agricultural hydrology, are, as follows, seemingly paradoxical.
• Productivity of cropping farms has been rising for decades, and continues to rise, yet the growing of annual crops is usually held responsible for the spread of dryland salinity across many agricultural landscapes, an affliction that we would expect to reduce productivity.
• The sustained rise in productivity has been accompanied by rising average yields, rapidly rising during the 15 years before the recent prolonged drought. Yet the rising yields have not involved markedly greater water use by the crops and thence markedly less drainage. Further, the rises in yield are at least as great in Western Australia as in the rest of the country despite the reduced rainfall that much of the WA wheatbelt has suffered over the last 30 years.
• Although increasing productivity of crops does not result in markedly more water use and concomitantly reduced drainage, highly productive improved pastures can result in increased deep drainage, for the lush foliage reduces runoff (as demonstrated by less water in farm dams), leads to greater infiltration, and is often associated with shallower root systems (compared with native grasses), which can lead to substantially more deep drainage.
• Pristine native vegetation, of the sort that once occupied the now arable landscapes before they were cleared for crops, uses almost all of the rain that falls on it, allowing on average only a tiny leaching fraction to pass beyond the root zone. The escaping flow is often as salty as sea water, for the roots remove almost all of the water, but almost none of the salt, as the soil solution flows downwards through the root zone. Yet despite this vegetation's ability to capture so effectively a limiting water supply, its net primary productivity is but a tenth of that of the agricultural plants that have largely replaced it. It uses a little more water but grows very much less.
This special edition of AJAR contains several papers that deal with the issues surrounding these apparent paradoxes. The most important of these is that of water use by crops, which needs to be examined at a range of timescalesnot only seasonally, but also hourly and daily-to elucidate these seeming paradoxes, because shifts in the daily course of transpiration can explain some of the integral behaviour. Given the expected dependence of yield on water supply in a water-limited environment, it is a little dispiriting to see that large increases in yield do not lead to large increases in seasonal water use. If they did, it might lead to less drainage of water under such crops.
The main reason for this behaviour is schematically illustrated in Fig. 1 , a variant of French and Schultz's (1984) portrayal of crop yield as a function of seasonal water supply. In this figure we have shown above-ground dry matter rather than yield, to avoid complications due to variations in harvest index, which may be unrelated to seasonal water use, e.g. frost damage at flowering. The solid line is essentially the upper bound of all possible points. It has a slope, often called transpiration efficiency, or TE, of 55 kg/ha.mm, a reasonably robust value for winter cereal crops in Australia.
Not so robust is water-use efficiency (WUE) defined as the ratio of dry matter produced to total seasonal water supply, e.g. the 3 points illustrated in the figure have the same seasonal water supply, 400 mm, but the dry matters produced, in ascending order, are 5.5, 11.0 and 16.5 tonnes, corresponding to overall water-use efficiencies of 16, 38, and 41 kg/ha.mm, respectively. To a good approximation, the variation in WUE arises not by variation in TE, but in the amount of water removed from the soil by means other than uptake by roots, described as 'lost water' in the figure. The predominant loss in southern Australia is by direct evaporation from the soil surface, although water can also be lost by runoff and by drainage beyond the reach of roots.
The main point of Fig. 1 is that crops that are not well managed, say, with a small leaf area owing to nitrogen deficiency or poor establishment, will leave a large proportion of the soil exposed to evaporation. Coupling this with the observation that during much of the vegetative life of a crop in the Mediterranean environment of southern Australia, the T r a n s p ir a t io n Lost water Fig. 1 . Dry matter production in relation to seasonal water supply. The solid line represents well-managed winter cereal crops. The dashed lines and the points associated with them represent not so wellmanaged crops. The slopes of all these lines, transpiration efficiency, are 55 kg/ha.mm of water transpired, a reasonably robust value for winter cereal crops in Australia. The intercepts on the x-axis denote the water lost to the crops, by evaporation from the soil surface, by drainage, and by runoff.
topsoil is often wet, we find that the sum of transpiration and evaporative loss tends to be constant whether the crop is growing well or not. Norton and Waschmann (2006, this issue ) drew this conclusion for N treatments on crop water use. This point is also central to paddock scale modelling by Ward (2006, this issue) to define how the herbaceous perennial, lucerne, can control drainage by taking up water from the deep subsoil in summer. In the autumn to spring growing season, topsoil water extraction is similar across species, both crop and pastures, both annual and perennial, over much of this period. The attainment of potential water use to values as high as 5 mm/day is common across a range of leaf areas while soil water reserves are high. The distinctive role of direct evaporation from soil in summer warrants detailed consideration in fallow periods to link soil water dynamics between successive crops. The level of soil water conservation from rainfall over the fallow period strongly influences crop growth if there is low rainfall in the following growing season, whereas in a growing season of above-average rainfall it can lead to greater drainage. Dolling et al. (2006, this issue) address this topic in crop rotations. They weigh the benefits of fallow for growth against the risk of drainage, and also provide a reference soil water loss over summer for gauging how effectively the inclusion of deep-rooted perennial pasture in a crop rotation can create a buffer in the deep subsoil for holding water that has escaped the roots of annual crops. The robustness of TE arises to a large extent due to the narrow range of 0.65-0.75 kPa, for the average atmospheric vapour pressure deficit (VPD) in this environment during the growing season from sowing to physiological maturity in about 80% of seasons. Other factors such as diffuse light and strong stomatal control can affect seasonal TE, but these tend to be minor at the seasonal time scale (except for some new varieties deliberately bred for larger TE through low stomatal density). This overriding influence of VPD on seasonal TE is evident in 2 papers that deal with lengthening the traditional cereal season by introducing annual species adapted to high temperature. In Western Australia (Fillery and Poulter 2006, this issue) , long-lived annual pastures based on the legumes Serradella and Casbah biserrula operated well into summer, thereby taking up 20-30 mm more water from soil to the depth normally attained by cereal roots, although with no significant increase in overall pasture production relative to annual subterranean clover or to lucerne swards. Here, lateseason activity under high VPD resulted in a little more growth from moderate additional water use. In the Victorian Wimmera region, on Vertosols, a safflower crop with a 40-day longer growing season than cereals performed as well as first-year lucerne in extracting 100 mm more soil water than wheat for a ∼50% greater biomass (Norton and Waschmann 2006, this issue) . The penalty of operating late season under high temperature and VPD did not appear to affect safflower physiology insofar as water-use efficiency was comparable between it and wheat, namely ∼20 kg/ha.mm. Clearly there are niche conditions for annual crops to reduce deep drainage without major compromises to productivity.
By contrast with annual crops, the TE of the perennial native vegetation that they replaced is small. There are 2 main reasons for this. The first is that native vegetation does most of its growing during the summer when VPD is large, 1.5-2 kPa, twice that which the crops experience when growing during the cool period between mid-autumn and mid-spring. The second reason is that, being perennials, they invest heavily in deep permanent root systems and other structures that consume much of the annual net photosynthesis, so that what appears above ground is a much smaller proportion than that in annual crops. The behaviour of summer-active native perennial grasses is especially interesting in this respect; even more interesting is the way water flow is partitioned between transpiration, runoff, and drainage. Clean surface runoff is the characteristic form of outflow from native grassland, which gives reliable farm water supply as well as reducing the risk of insidious deep drainage (Dunin and Downes 1962) . This diversion from groundwater recharge is critical for groundwater accounting in the Liverpool Plains (Sun and Cornish 2006, this issue) . There, and in widespread areas of the cereal belt, dominant native grasses are tropical in origin and are C 4 plants with high TE during that functional period when canopy temperature exceeds 15 • C. These species use almost no soil water in winter-spring, and this, combined with an effective mulch of senescent material, maintains surface soil at field capacity for long periods, the mulch being especially effective when ungrazed. On duplex soils with poorly permeable subsoils, these conditions lead to substantial runoff from the predominantly winter rains, and thence a limited advance into a subsoil root zone scavenged of soil water in the previous summer.
By contrast, improved pastures (e.g. clover/ryegrass) are winter active. Their transpiration during the growing season removes water from the topsoil thereby creating space to store much more of a fall of rain than under Themeda. This allows substantial infiltration, and hence much less runoff. Further, the shallow rooting depth and summer dormancy of the improved pastures result in the subsoil under them being substantially wetter at the autumn break than it is under Themeda. This in turn leads to larger deep drainage because the water that does infiltrate the subsoil has less space available for its storage and the wetting front soon advances beyond the reach of the roots. Another important native grass, Danthonia, a C 3 species, is predominantly winter active, but can also respond to summer rain and has deeper roots than those of the introduced pastures (Sandral et al. 2006, this 
issue). It is thus intermediate in hydrological behaviour
between Themeda and the introduced pastures.
Our challenge is to help farmers manage agricultural landscapes in such a way that they can control deep drainage while continuing to make a living. Alert economists have pointed out that trying to reduce drainage in these landscapes to pre-clearing levels, which hydrologists estimate could involve retiring as much as 80% of arable land, is not a sensible way of managing resources: why forgo the use of such a large percentage of arable land, and in so doing incur very large costs, to save a much smaller percentage of it from salinity?
The question arises of what is acceptable deep drainage? This question has become much richer in the last few years with the increasing realisation, mostly resulting from aerial electromagnetic surveys coupled with good groundtruthing, that there is great variation below ground in the occurrence of saline and fresh aquifers, both laterally and vertically (e.g. Cresswell et al. 2004) . Thus any introductions of perennial vegetation that aim to reduce deep drainage must be well targetted. Trees planted in the wrong place will make matters worse if they reduce accessions of water to fresh aquifers. Even without considering this spatial variability, wholesale planting of trees can be hydrologically damaging, at least for several decades. Young trees tend to be profligate in their water use as they develop the structures needed to assure their survival in a highly variable environment. The result is that fresh water flows can be reduced (Jackson et al. 2005) . A good example is that of the regenerating forests in Melbourne's water catchments, which substantially reduced stream flows below those prevailing before the disastrous fires on Black Friday in January 1939. Indeed, there is evidence that such flows were still reduced nearly 50 years later (Kuczera 1987) .
Nevertheless, in agricultural landscapes, is there an overall average rate of deep drainage that we should aim for? In general, landscapes most at risk are those that had deep drainage of less than about 5 mm per year when they were pristine; drainage rates larger than this kept the aquifers largely flushed of salt. Deep drainage in arable landscapes can be many times greater than that in the pristine. The challenge is to decrease this drainage substantially while, if watertables are close enough to the surface to be accessible by roots, increasing the discharge through appropriate perennial plants whose roots can tap such watertables (Barrett-Lennard et al. 2005) . The model study of groundwater hydrographs in the Liverpool Plains places great weight on uptake from the capillary fringe to explain why groundwater fluctuations appear damped (Sun and Cornish 2006, this issue) .
There is no single solution to dealing with this challenge. Appropriate techniques depend on the circumstances and must maintain economic viability of farmers. For example, in some landscapes, contour planting of trees may be able to increase uptake from the watertable without greatly affecting the performance of nearby crops (White et al. 2002) , and in flat landscapes at risk of becoming saline, productive salt-tolerant shrubs such as saltbush may be able to delay the expected onset of salinity by many decades (Barrett-Lennard et al. 2005) .
Extensive integration of herbaceous perennials into cropping rotations, particularly lucerne, has been canvassed as a solution to restore the natural water balance across recharge areas. This strategy appeals, where profitable, for it removes accrued subsoil water thereby enabling greater control of ensuing deep drainage (Latta and Lyons 2006, this issue) . A national survey of hydrological performance by lucerne in arable soils , this issue) shows a 5-fold variation, from 50 mm to 250 mm, in the ability to create a buffer in which water and nutrients that leak below the crops can be held for a few seasons, remaining largely accessible to the roots of the next phase of perennials.
Variability in subsoil extraction due to lucerne is linked to the level of constraint imposed on uptake that is experienced by annual crops during seasonal growth (Rodriguez et al. 2006, this issue) . Thus, a soil afflicted with major subsoil constraints may only permit a net extraction of 50 mm over the course of a growing season. Lucerne in such a soil will induce a soil water deficit of only about 60 mm in the equivalent soil depth to the crop before its roots advance deeper into the subsoil in summer to withdraw an additional 35 mm by the end of its first year. By the third year the deep subsoil deficit might approach 70 mm. The corresponding values in a more hospitable soil, with net extraction by crops of 100 mm, may be 70 mm and 120 mm, respectively, for cumulative deep extraction by lucerne after the 1 st and 3 rd years. These latter values point to a good prospect for reinstating the natural water balance while lucerne remains functional in recharge areas. In dealing with soils limited in extraction due to subsoil constraints, amelioration involves using a mix of introduced perennials, both woody and herbaceous, to deliver a catchment water balance that curtails the spread of salinity.
The expansion of knowledge during the last few years of the interacting processes involved in the use of water by plants and the flow of water in the regolith has been remarkable. This, coupled with many new management options, has changed the atmosphere in the salinity debate from one of gloom to one of optimism (Passioura 2005) . Although there are still many who think that the best we can do is buy time, the mood now is that extra time will allow us to develop an even greater range of options for maintaining economically viable farming systems while markedly reducing the risk of dryland salinity.
